Mitogen-activated protein kinase kinase kinase 1 (MAP3K1) regulates numerous intracellular signaling pathways involved in inflammation and apoptosis. We hypothesized that genetic variation in MAP3K1 might be associated with outcomes in patients with acute respiratory distress syndrome (ARDS), and that these variants would alter MAP3K1-mediated changes in inflammation and transcriptional regulation. To test this hypothesis, we genotyped single-nucleotide polymorphisms covering linkage disequilibrium bins in MAP3K1 in 306 subjects with ARDS from the ARDSNet FACTT (Fluid and Catheter Treatment Trial) study, and tested for associations between MAP3K1 single-nucleotide polymorphisms and ventilator-free days (VFDs) and mortality. We then validated these associations in a separate cohort of 241 patients with ARDS from Harborview Medical Center (Seattle, WA). We found the variant allele of rs832582 (MAP3K1 906Val ) was significantly associated with decreased VFDs using multivariate linear regression (26.1 d, false discovery rate = 0.06) in the FACTT cohort. In the Harborview Medical Center cohort, subjects homozygous for MAP3K1 906Val also had decreased VFDs (215.1 d, false discovery rate , 0.01), and increased 28-day mortality (all subjects homozygous for the rare allele died). In whole blood stimulated with various innate immune agonists ex vivo, MAP3K1 906Val was associated with increased IL-1b, IL-6, IL-8, monocyte chemoattractant protein 1, and TNF-a production. Transcriptome analysis of whole blood stimulated with Toll-like receptor 4 agonist ex vivo demonstrated enrichment of inflammatory gene sets in subjects homozygous for MAP3K1 906Val . Our findings show a robust association between the variant allele of rs832582 (MAP3K1 906Val ) and decreased VFDs in patients with ARDS and suggest that this variant may predispose individuals to a greater inflammatory response.
Acute respiratory distress syndrome (ARDS) is a complex clinical syndrome characterized by the development of increased alveolar-capillary permeability, leakage of proteinaceous fluid into the alveolar space, and an influx of inflammatory cells and mediators into the lung (1) . We have previously shown that a commonly occurring FAS (CD95) haplotype is associated with ARDS risk and with higher levels of Fas mRNA in response to LPS stimulation (2) . The Fas pathway is involved in the regulation of cellular apoptosis and inflammatory responses in multiple cell types in the lung, including epithelial cells, alveolar macrophages, and neutrophils (3) .
Mitogen-activated protein kinase kinase kinase 1 (MAP3K1) (also known as MAP kinase/Erk kinase kinase-1) is a highly conserved member of the MAP kinase family, and plays a central role in orchestrating the cellular response to Fas (4) . MAP3K1 regulates the activation of multiple transcription factors involved in inflammation and cell fate, including activator protein 1 (AP-1), NF-kB, and p53 (5) . Independent of Fas signaling, MAP3K1 has been shown to coordinate cellular responses to multiple different stimuli including cell stretch, cytoskeletal disruption, and inflammation (6) (7) (8) (9) , all physiologic processes that have been implicated in ARDS. MAP3K1 has multiple nonsynonymous coding variants that in prior studies have been associated with inflammatory diseases including Crohn's disease (10) , asthma (11) , and Langerhans cell histiocytosis (12) .
Due to the integral downstream role MAP3K1 plays in Fas signaling, as well as its relationship with multiple inflammatory pathways that are implicated in ARDS, we hypothesized that genetic variation in MAP3K1 might be associated with outcomes in patients with ARDS, and that these variants would alter MAP3K1-mediated changes in inflammation and transcriptional regulation. To test this hypothesis, we performed a twostage gene association study, and then conducted a functional evaluation of the top hits from those gene association studies. Some of the results of these studies have been previously reported in the form of an abstract (13) .
Methods Study Populations
Fluid and Catheter Treatment Trial subjects. In our discovery cohort, we genotyped white patients with ARDS enrolled in the FACTT (Fluid and Catheter Treatment Trial) (14) who provided informed consent for genetic studies (n = 306). Eligible patients were intubated, receiving positive-pressure ventilation, and qualified for ARDS, as defined by American European Consensus Criteria (15) .
Harborview Medical Center Systemic Inflammatory Response Syndrome validation cohort. Subjects were prospectively enrolled from the Harborview Medical Center (HMC) intensive care unit if they met criteria for systemic inflammatory response syndrome (SIRS), and were not admitted with major trauma, intracranial hemorrhage, immunosuppression, or a current diagnosis of cancer. Subjects were genotyped and followed for the development of organ dysfunction, including ARDS (n = 241).
Healthy cohort. Nonsmoking healthy subjects (n = 346) between 18 and 65 years of age were recruited from the metropolitan Seattle area. All studies were approved by the Human Subjects Division at the University of Washington (Seattle, WA).
Identification and Genotyping of Single-Nucleotide Polymorphisms
We selected single-nucleotide polymorphisms (SNPs) in MAP3K1 from multiple databases, and generated a final list of nine linkage disequilibrium (LD) bin (minor allele frequency cutoff = 5%, r 2 = 0.8) tagging SNPs (tagSNPs) covering the entire MAP3K1 gene. Complete details on our LD bin tagSNPs approach and genotyping assays can be found in the data supplement.
Statistical Analysis
We used linear regression to test for associations between MAP3K1 tagSNPs and ventilator-free days (VFDs) and logistic regression to test for associations between the tagSNPs and 28-day mortality. Analyses in the discovery set were performed using recessive, additive, and dominant models, and were adjusted for age, sex, ARDS risk factors, and FACTT treatment arm. We used a false discovery rate (FDR) threshold of 0.1 to identify statistical significance (16) . Significant associations identified in the discovery cohort were carried forward for analysis in the validation set using the recessive model. Complete details on our statistical analyses can be found in the data supplement.
Inflammatory Cytokine Production and Transcriptome Analysis in Subjects with MAP3K1 Variants
Healthy subjects (n = 346) were genotyped using an Illumina Human 1M Beadchip array (Illumina). Whole-blood samples procured from these subjects were treated with the following Toll-like receptor (TLR) ligands ex vivo: Pam3CSK4 (TLR1/2 agonist), Yersinia pestis LPS (TLR4 agonist), Salmonella minnesota Re595 LPS (TLR4 agonist), R848 (TLR7/8 agonist), and control media. Concentrations of IL-1b, IL-1 receptor antagonist (IL-1ra), IL-6, IL-8, monocyte chemoattractant protein (MCP)-1, and TNF-a were measured in supernatants by fluorescent bead-based immunoassays. RNA was purified in a subset of the samples (n = 252), and gene expression was measured using Illumina Quad660 gene expression microarrays. Complete details on our cytokine and gene expression assays can be found in the data supplement.
Site-Directed Mutagenesis of MAP3K1 and Functional Analysis
We performed transfection assays of human embryonic kidney cells 293 (HEK-293) using plasmids coding for MAP3K1 variants, and measured MAP3K1 transcription, protein expression, cell viability, and metabolism. For reporter gene assays, cotransfection assays of HEK-293 cells were performed with plasmids coding for MAP3K1 variants and luciferase reporter plasmids for p53, NF-kB, and AP-1. Complete details on cell culturing, plasmid constructs, site-directed mutagenesis, transfections, luciferase reporter experiments, and functional assays can be found in the data supplement.
Results

Characteristics of Patients and Genotype Frequencies
Characteristics of subjects in the discovery set from FACTT and the validation set from HMC SIRS are shown in Table 1 . In the discovery set, 306 subjects were genotyped; however, eight were removed because of a low genotyping rate (,80% valid genotype calls). In the validation set, all 241 subjects with ARDS were genotyped for the MAP3K1 nonsynonymous coding SNP, rs832582, and were subsequently included in the final analysis. The genotype frequencies of subjects included in our final analyses are shown in Table 2 .
The Variant Allele of rs832582 Is Associated with Decreased VFDs
We first tested whether genetic variation in MAP3K1 was associated with VFDs in patients with ARDS. We genotyped nine coding and noncoding tagSNPs covering the MAP3K1 gene in subjects with ARDS from FACTT, and tested for associations between these SNPs and VFDs using linear regression (using recessive, additive, and dominant models). Subjects in FACTT who were homozygous for the minor allele (genotype: GG, MAP3K1 906Val ) of rs832582 experienced six fewer VFDs compared with subjects who carried at least one copy of the major allele (genotype: AG or AA, MAP3K1 906Ile ) ( Table 3 ). The strongest associations were identified assuming a recessive model (analyses using additive and dominant statistical models are shown in Tables E1 and E2 in the data supplement). rs832582 is a nonsynonymous SNP that results in an amino acid substitution of valine for isoleucine at amino acid position 906 (Figure 1 ), and has a minor allele frequency of 0.16 in the HapMap CEU population.
We next sought to validate the association between rs832582 and decreased VFDs that we observed in the FACTT subjects in an independent cohort of patients with ARDS (HMC SIRS). We observed that subjects who were homozygous for the MAP3K1 906Val allele at rs832582 again had fewer VFDs (slope, 215.1; SE, 64.61; FDR , 0.01) compared with subjects that carried at least one copy of the major allele, MAP3K1 906Ile (Table 3) .
MAP3K1 Genotype and Mortality in Patients with ARDS
We next tested for associations between rs832582 and 28-day mortality in subjects with ARDS. The overall mortality of patients genotyped in the FACTT and HMC SIRS ORIGINAL RESEARCH cohorts was 18.3 and 24.5%, respectively (Table 1 ). In FACTT, subjects who were homozygous for the MAP3K1 906Val allele at rs823582 had a numerically but not statistically significant increase in mortality (Table 4) . In HMC SIRS, all five subjects who were homozygous MAP3K1 906Val allele at rs823582 died, precluding the calculation of an association (Table 4) .
SNPs in MAP3K1 Are Associated with Whole-Blood Cytokine Production Ex Vivo
Given our finding of a robust association between MAP3K1 906Val and decreased VFDs, we next focused on the identification of potential functional effects of rs832582. We tested for associations between rs832582 and innate immune agonist-induced production of inflammatory mediators relevant to ARDS pathophysiology in a cohort of healthy subjects. We performed array-based genotyping, and measured the whole-blood cytokine responses to various TLR agonists ex vivo in these subjects. Notably, homozygosity for the minor allele of rs832582 (genotype: GG, MAP3K1 906Val ; using a recessive statistical model) was associated with increased IL-8 and MCP-1 production in whole blood stimulated with a TLR4 agonist, and increased IL-1b, IL-6, IL-8, MCP-1, and TNF-a production in whole blood stimulated with a TLR7/8 agonist ( Figure 2 ). We did not observe any associations between MAP3K1 variants and levels of the cytokines/chemokines that we measured after whole-blood stimulation of TLR1/2 ( Figure 2 ).
SNPs in MAP3K1 Are Associated with Enrichment of Inflammatory Gene Sets in Whole-Blood Transcriptome
We next tested whether rs832582 was associated with transcriptional responses after innate immune activation. A subset of the blood samples (n = 252) from the healthy subjects cohort underwent RNA purification after stimulation with LPS (S. minnesota Re595), a TLR4 agonist. To identify transcriptional programs activated in subjects homozygous for the minor allele of rs832582 (genotype: GG, MAP3K1 906Val ) compared with subjects who carried at least one copy of the major allele (genotype AG or AA, MAP3K1 906Ile ), we applied Gene Set Enrichment Analysis (GSEA) using 50 Hallmark gene sets curated from the Molecular Signature Database (17) .
Notably, the only gene set that was significantly enriched in subjects homozygous for the minor allele of rs832582 (genotype: GG, MAP3K1 906Val ) with a FDR less than 0.05 was the HALLMARK_INFLAMMATORY_ RESPONSE gene set (Table 5 ). There were no gene sets enriched with an FDR less than 0.05 in subjects with at least one copy of the common allele of rs832582 (genotype: AG or AA, MAP3K1 906Ile ). The full HALLMARK INFLAMMATORY RESPONSE gene list can be found on the Molecular Signature Database Web site (http://software.broadinstitute. org/gsea/msigdb), and is composed of genes defining the human inflammatory response. To further capture the biological themes that this gene set represented, we compiled the leading-edge subset of genes from the GSEA enrichment plot ( Figure E1 ), and ranked them based on the degree of overrepresentation that each gene had within the gene set in subjects homozygous for the minor allele of rs832582 (genotype: GG, MAP3K1 906Val ) compared with subjects who carried at least one copy of the major allele (genotype: AG or AA, MAP3K1 906Ile ) ( Table 6 ). The MAP3K1 transcript levels between the two groups (genotype: AG or AA, MAP3K1 906Ile versus genotype: GG, MAP3K1 906Val ) were unchanged under either unstimulated or TLR4-stimulated conditions ( Figure E2 ).
Site-directed Mutagenesis of MAP3K1 and Functional Analysis
Our clinical association studies suggested that subjects homozygous for the minor allele of rs832582 (genotype: GG, MAP3K1 906Val ) had significantly fewer VFDs as compared with subjects with one or two copies of the major allele (genotype: AA or AG, MAP3K1 906Ile ). Furthermore, our data suggested that rs832582 might influence levels of inflammatory cytokines in response to TLR4 and TLR7/8 stimuli, as well as impact the transcriptome after innate immune activation. Therefore, we next sought to identify a mechanism by which these MAP3K1 coding variants might influence cell function using a cell culture model for cell signaling.
We created two different MAP3K1 cDNA constructs containing either the common allele of rs832582 (genotype: AA, MAP3K1 906Ile ) or the variant allele (genotype: GG, MAP3K1 906Val ), and then overexpressed those constructs in HEK-293 cells. MAP3K1 mRNA and MAP3K1 protein production were unchanged between cells transfected with either the rare allele (MAP3K1 906Val ) or the common allele (MAP3K1 906Ile ) ( Figures E3 and E4 ). 
AG or AA GG * * * * * Figure 2 . Whole-blood cytokine levels after ex vivo stimulation with Toll-like receptor (TLR) agonists by rs832582 genotype. Whole blood was stimulated for 6 hours on 96-well plates coated with stimulating agents or media alone. Cytokine levels were measured by cytometric bead-based immunoassays, adjusted for monocyte counts, and log 2 transformed. Summary plots showing mean (6SD) cytokine levels in: (A) whole blood after stimulation with normal media based on rs832582 genotype (AG or AA: n = 328 versus GG: n = 18); (B) whole blood after stimulation with Pam3CysSerLys4 (Pam3CSK4) (TLR1/2 agonist) based on rs832582 genotype (AG or AA: n = 328 versus GG: n = 18); (C) whole blood after stimulation with Yersinia pestis LPS (TLR4 agonist) based on rs832582 genotype (AG or AA: n = 169 versus GG: n = 10); and (D) whole blood after stimulation with R848 (TLR7/8) based on rs832582 genotype (AG or AA: n = 169 versus GG: n = 10). P values for all comparisons were generated using the unpaired Student's t test, and significant comparisons are designated with an asterisk. MCP-1 = monocyte chemoattractant protein-1.
We also evaluated the effects of mutated MAP3K1 on HEK-293 cell metabolism and viability, and did not observe differences when comparing MAP3K1 variant constructs (data not shown). Finally, we did not observe any statistically significant change in reporter activity of p-53, NF-kB, or AP-1 activity, as measured by promoterluciferase reporter plasmids cotransfected with the various MAP3K1 plasmids in HEK-293 cells (Figure 3 ).
Discussion
In this study, we sought to determine whether common genetic variants in MAP3K1, a key regulator of cell apoptotic and inflammatory responses, would be associated with outcomes in ARDS. Using a two-stage gene association study approach in two independent populations of patients with ARDS, we discovered that subjects homozygous for the minor allele (genotype: GG, MAP3K1 906Val ) of rs832582 had fewer VFDs compared with subjects who carried at least one copy of the major allele (genotype: AA or AG, MAP3K1 906Ile ), with an FDR of 0.06 (Table 3 ). The magnitude of the decrease in VFDs for homozygous carriers of MAP3K1 906Val was substantial, and may have been due in part to increased death among homozygous carriers of MAP3K1 906Val . Although there was not a statistically significant difference in mortality in the FACTT cohort, all the HMC cohort subjects with ARDS who were homozygous for MAP3K1 906Val died (Table 4) . Furthermore, we determined that this SNP was also associated with increased concentrations of multiple cytokines/chemokines in whole blood simulated ex vivo by TLR4 and TLR7/8 ligands, adding a potential mechanistic link to our gene association findings (Figure 2 ). Taken together, our results support the hypothesis that common genetic variation in the MAP3K1 gene is associated with outcomes in patients with ARDS, and that one potential mechanism driving this association may be related to MAP3K1's regulation of inflammation.
Our finding that genetic variation in MAP3K1 is associated with an increased inflammatory response and, in turn, outcomes in ARDS is consistent with prior evidence that supports an important role for inflammation in ARDS. Significantly increased levels of IL-1b, IL-6, IL-8, MCP-1, and TNF-a have all been found in the alveolar fluid of subjects with ARDS compared with control subjects without ARDS, and elevated levels of IL-1b and MCP-1 have been associated with ARDS-related death (18, 19) . Serum IL-6 and IL-8 levels strongly distinguish Definition of abbreviations: FDR = false discovery rate; NES = normalized enrichment score. FDR threshold of 0.05 was used to identify statistical significance and is designated by italics. Gene set enrichment in GG (n = 15) versus AG or AA (n = 237). between "hyperinflammatory" and "nonhyperinflammatory" subphenotypes of ARDS, with higher concentrations of these two cytokines associated with the "hyperinflammatory" subphenotype that correlates with worse clinical outcomes (20) . In whole blood procured from healthy subjects, we found that basal levels of IL-1ra were increased in subjects who were homozygous for the minor allele of rs832582 ( Figure E5 ), and that levels of IL-1b, IL-6, IL-8, MCP-1, and TNF-a were elevated in response to TLR 4 and TLR7/8 stimulation ex vivo (Figure 2 ). We also found that rs832582 was associated with transcriptional responses after innate immune activation. Transcriptome analysis of whole blood stimulated with TLR4 agonists ex vivo demonstrated enrichment of inflammatory gene sets in subjects homozygous for MAP3K1 906Val compared with subjects carrying at least one copy of the major allele (genotype: AG or AA, MAP3K1 906Ile ) ( Table 5) . GSEA is a powerful analytical method that allows for an interpretation of the entire transcriptome, and accounts for the inherent complexity of biological pathways that is often missed through individual gene-based comparisons (17) . Our finding that subjects homozygous for the minor allele of rs832582 (genotype: GG, MAP3K1 906Val ) had an augmented proinflammatory transcriptional program in response to TLR4 stimulation corroborates our cytokine findings above, and supports the overall finding that MAP3K1 906Val predisposes individuals toward a hyperinflammatory response.
There are many potential mechanisms by which the common genetic variants at rs832582 might influence MAP3K1 protein function and, in turn, downstream activation of key transcription factors that influence cytokine expression and ARDSassociated clinical outcomes. The amino acid coded by rs832582 resides outside the kinase moiety (Figure 1 ). However, there are multiple sequences in the regulatory domain of MAP3K1 that are known to interact with scaffold proteins (5, 21) , and the nonkinase domain of MAP3K1 has been shown to influence transcriptional activity in certain pathways independent of the MAP3K1 phosphorylation cascade (22) . Activity of MAP3K1 can be regulated in various subcellular compartments by caspase cleavage of the nonkinase domain (23, 24) , and proposed caspase cleavage sites lie in close proximity, with rs832582 at amino acid Asp874 (Figure 1) (7, 25) . Finally, in silico analysis has predicted that mutations in rs832582 (at position 906) likely impact a putative phosphorylation site (26) . Taken together, there are many ways in which variations in the amino acid sequence in the noncatalytic domain influenced by rs832582 might affect the structure and function of MAP3K1 in a manner that impacts transcription factor activation of cytokine-related genes.
Thus, we were surprised that we did not observe any differential regulation of three key transcription factors involved in inflammation and apoptosis based on the MAP3K1 coding variants that we studied using in vitro transfection assays (Figure 3 ). Nor did we find any association between the coding variants that we studied and cell viability or metabolism. Some of the earliest studies describing MAP3K1's function demonstrated its relationship with p53 (27) , NF-kB (6, 28, 29) (though the specifics of this relationship are controversial [30] [31] [32] ), and AP-1 (33) . Moreover, IL-1b, IL-6, IL-8, MCP-1, and TNF-a are some of the most important target genes for up-regulation by NF-kB (34), whereas AP-1 and p53 are important regulators of cell cycle and apoptotic genes (35) . Subtle changes in transcription factor activity can have profound effect sizes on cytokine levels, and it is possible that our transfection assays lacked the granularity to detect very small molecular differences between the groups. MAP3K1 is known to regulate many other transcription factors other than the ones we tested, such as nuclear factor of activated T-cells 4 (NF-AT4), signal transducer and activator of transcription 3 (Stat3), and Smad2 (reviewed in Ref. 5) . We cannot exclude the possibility that coding variants in MAP3K1 may impact the regulation of transcription factors that we were not able All samples were processed in triplicate. The experimental output was relative luminescence units, which were derived by dividing firefly luciferase luminescence for each reporter construct by Renilla (control) luminescence at 48 hours after transfection with a MAP3K1 construct. Data are shown with each construct normalized to the empty vector value. P values for all pair-wise comparisons were generated using the Mann-Whitney test on normalized data.
to detect, and that differential regulation of those transcription factors might explain the variable outcomes in ARDS that are associated with MAP3K1 genetic variants. Finally, it is possible that other SNPs in tight LD with rs832582 may regulate p53, NF-kB, or AP-1 activity independently of the direct influence the variant allele of rs832582 has on MAP3K1 protein structure. Indeed, rs832582 is in tight LD with several SNPs we did not test that are predicted to have strong regulatory and epigenetic influences on gene expression and phenotype (Table E3) . Our study has several strengths. First, our two-stage study design greatly reduces the chance that our findings represent a type I error. The samples that we genotyped in our discovery cohort were taken from a well characterized group of patients with ARDS taken from the multicentered NHLBI ARDSnet FACTT study, and we validated these data with samples taken from a completely independent cohort of critically ill patients (HMC SIRS). Second, our LD bin tagSNP approach is a well validated method of providing a comprehensive list of common genetic variation targets within a gene. Finally, we provide a potential mechanistic link between the minor allele (genotype: GG, MAP3K1 906Val ) of rs832582 and worse outcomes in ARDS: increased inflammatory responses to innate immune agonists.
Despite these strengths, there are several important limitations of this study. First, our study subjects were all white; thus, the extent to which our findings can be generalized to other populations is not known. Second, our analysis linking MAP3K1 genotype and cytokine expression are exploratory, and were not corrected for multiple hypothesis testing. Thus, we cannot exclude the possibility of type I error. Finally, we performed our cell culture studies using only HEK-293 cells. We chose this cell type based on prior successful transfection studies for MAP3K1 using this cell line (22, 27, 36, 37) , but our approach did not observe differential apoptosis, cell viability, or cell metabolism rates after transfection with MAP3K1 variants. This may be due to compensatory gene and/or protein expression of MAP3K1 from the endogenous gene. Alternatively, as mentioned previously here, rs832582 may only represent a proxy for a causative variant that functions in a way not measured by our assay, such as splicing differences or epigenetic modifications (Table E3) .
In summary, our study identified a coding SNP in MAP3K1 (rs832582) that associates with severity of outcomes in ARDS. We observed that this coding SNP was linked with IL-8 and MCP-1 levels in whole blood after TLR4 stimulation, and IL-1b, IL-6, IL-8, MCP-1, and TNF-a levels in whole blood after TLR7/8 stimulation. Genome-wide expression analysis revealed an association between this coding SNP and transcriptional response to TLR4 stimulation. Further research is needed to better elucidate how the variant in MAP3K1 that we have identified influences pathophysiology in ARDS. n Author disclosures are available with the text of this article at www.atsjournals.org.
